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^ Abstract 

We perform a detailed and quasi model-independent analysis of direct annihilation of 
qj ' Dark Matter into neutrinos. Considering different cases for scalar and fermionic Dark 

i-Q Matter, we identify several settings in which this annihilation is enhanced, contrary to 

some statements in the literature. They key point is that several restrictions of, e.g., 
a supersymmetric framework do not hold in general. The mass generation mechanism 
of the neutrinos plays an important role, too. We illustrate our considerations by 
two examples that are not (as usually) suppressed by the smallness of the neutrino 
mass, for which we also present a numerical analysis. Our results can be easily used 
as guidelines for model building. 
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1 Introduction 

Astrophysics and cosmology provides us with compelling evidences of a form of non- 
luminous and non-baryonic matter, the so-called Dark Matter (DM) , which should account 
for almost 23% of the total energy density of the Universe. One possibility to detect DM is 
to search for neutrinos coming from annihilations of DM particles in the Milky Way galac- 
tic center and in the galactic halo, in dwarf spheroidal galaxies, and in celestial bodies, like 
the Earth and the Sun. For recent studies on this subject see, e.g., Refs. [1, 2, 3, 4]. The 
main scope of this paper is to analyze the DM pair-annihilation into neutrino final states 
as model-independent as possible. The most interesting signal to look for at neutrino tele- 
scopes is represented by a monochromatic neutrino signal, which can be produced by DM 
pair-annihilations directly into vv (or into vv (vv), if we allow for lepton number violating 
(LNV) processes). The neutrino energy spectra produced in these annihilation channels 
are constituted of a soft part (originating from higher order processes) and a sharp line 
at an energy E v ~ m x . We restrict our study to the two-body direct production, since 
this is the golden channel for DM discovery at neutrino telescopes. In our analysis, we 
distinguish between Dirac and Majorana neutrinos and, in the latter case, we consider 
different neutrino mass generation mechanisms, since they affect the relation between the 
physical neutrino mass and the neutrino Yukawa couplings. 

In the literature, it is often stated that direct annihilation into neutrinos is always sup- 
pressed. Though this statement is perfectly true in supersymmetric models (see, e.g., 
Refs. [1, 5, 6]), it does not hold in general. The key point of our paper is to investigate 
the cases, where such a suppression is not present. This can already be seen in a simple 
see-saw framework (using only one generation of ul and Nr): Here, it is often correctly 
argued that, even though the neutrino Dirac Yukawa coupling yo might be sizable, it still 
does not allow for a sizable direct production of two (light) neutrinos, since it couples only 
to one doublet vl as well as to one singlet interaction eigenstate Nr. Even though the 
doublet state practically consists of the light mass eigenstate only, v L m v' L , the fraction of 
light mass eigenstates within the singlet N R is suppressed by a tiny mixing angle 9 ~ ^j 2 -, 
which reduces the corresponding production rate. However, when going to a see-saw type II 
framework, the situation changes: For illustration, one could add a mass term vn^iv^v^, 
whose mass is given by the scalar triplet vacuum expectation value (VEV) v? times the 
corresponding Yukawa coupling y^. The VEV vt is forced to be small, due to the correction 
to the p-paremeter, which allows yx to be larger. But y?, in turn, will be related to the an- 
nihilation rate of DM into neutrinos in an s-channel diagram, in case the DM can couple to 
the Higgs triplet. Furthermore, the left-handed mass m^ is related to the physical neutrino 

2 

mass by m v = m^ — jf- (see Sec. 2.3 for details), which implies that a partial cancellation 
in the see-saw formula might be responsible for the correct neutrino mass and allows for an 
rriL that could be much larger than m u . Another example is if the triplet does not obtain 
a VEV at all: Then, there will be no restriction on the size of y? from the neutrino sector 
and the annihilation rates could be even larger. Note that, however, in this case other 
bounds may apply, e.g. from limits on lepton flavour violation [7] or neutrino-less double 
beta decay [8] . This shows how the suppression of the annihilation rates into neutrinos is 
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not always realized, and we will analyze all possibilities in a model-independent way. 
This paper is structured as follows: After a brief review of the possible neutrino mass terms 
in Sec. 2, we report in Sec. 3 the various possibilities for monoenergetic neutrino production, 
considering explicitly scalar and fermionic DM, as well as the corresponding s,t, and u 
channels. For simplicity, we do not extend the Standard Model (SM) gauge group, but we 
contemplate different SU(2)l representations for the DM and the mediator particles. This 
kind of systematic analysis was not presented before in the literature in the context of DM 
annihilation into neutrinos (see Ref. [9] for the classification of DM scattering off nucleons 
dominated by spin-dependent interactions). Our results are summarized in Sec. 4.1, before 
we give a discussion of examples of unsuppressed scenarios in Sec. 4.2. We explicitly show 
the behavior of the annihilation cross sections for a promising s-channel and t-channel 
diagram, considering both, the case of scalar and fermionic DM. Our results are then 
compared to experimental limits on /i and r decays, as well as on lepton flavour violating 
(LFV) processes. The constraints coming from neutrino searches are also considered. All 
cross sections we have used are listed in Appendix A. For specific models in which the DM 
particles annihilate mainly in neutrinos see, e.g., Refs. [10, 11]. 

2 Neutrino mass terms 

Throughout our work we consider the SM gauge group, SU(3) C x SU{2)l x U{1)y- In 
this framework, the left-handed components of the neutrinos and the charged leptons form 
doublets under SU(2)l, while the right-handed components of the neutrinos, if present, 
will be total singlets: 

L aL =rA ~ (1,2,-1), v aR ~ (1,1,0), (1) 

where a is the generation index (a = e,/i,r). Depending on the nature of the neutrinos, 
different mass terms can be present in the Lagrangian. For more details on the physics of 
massive neutrinos, we refer to Refs. [12, 13, 14, 15, 16]. 

2.1 Dirac mass term 

If the neutrinos are Dirac particles, they will get their mass only by SM-like Yukawa 
couplings: 

^Yukawa = ~ Y D L a L H VpR + fl.C. > £ mass = — VhY d V a L^pR + h.C. , (2) 

where H is the SM Higgs, vh = 174 GeV is its VEV, and H = ia 2 H*. The neutrino 
mass matrix M v = VhYd in the flavour basis is then related to the diagonal neutrino mass 
matrix D v = diag(mi, 7712,^3) by 

M v = UD u rf , (3) 

where U is the leptonic mixing matrix. Note that, since the neutrino masses are small, the 
Yukawa couplings in Eq. (2) must be tiny, of the order of Yd ~ 10 -12 . 



2.2 Majorana mass term 



If neutrinos are Majorana particles, terms of the form (vl) c vl or (vr) c vr are present. In 
the first case, for example a scalar triplet field T, with 

would explain a term that is gauge invariant under the SM gauge group: 
i i 



£ Yukawa = ~ ~Z *£ { L aL) C (^2 T) L f3L + /l.C. -> £ ma ss = --^1°^ {v aL ) C l>p L + /l.C. , (5) 

where m" = vtY£ , with uy being the VEV of the neutral component of the scalar triplet. 
If right-handed neutrinos are present, explicit Majorana mass terms are possible, 

£ mass = -- M<£ (v aR ) c v m + h.c. (6) 

Such a Majorana mass term could arise from some high energy embedding, whose symme- 
tries might be broken at the grand unification scale. In this case, we would expect Mr to 
be of the order of 10 14 — 10 16 GeV. In any case, since M R is not related to the VEV Vh, 
there is no reason for it to be at the electroweak scale. 

2.3 See-saw mechanisms 

Combining Dirac and Majorana mass terms leads to the different see-saw mechanisms, 
where the smallness of the neutrino mass is a consequence of the heavy right-handed 
neutrino fields. For a type I see-saw mechanism one needs a Dirac mass terms as well as 
a pure Majorana mass term for right-handed neutrinos (denoted N R in this context). The 
complete neutrino mass term, after electroweak symmetry breaking, is given by 



-VZm D N R - -{N R ) C M R N R + h.c. = (7) 
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where nip = VhYd is the Dirac mass matrix and M R is the Majorana mass matrix for the 
right-handed neutrinos. The former is connected to the electroweak scale vh, while the 
latter can have a much larger value. Bringing the above mass matrix into a block-diagonal 
form yields 
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where the rotated states are denoted by v' and N', and we have neglected the small 
corrections to the heavy neutrino masses. The rotation required is only a very tiny one 
and the corresponding mixing angles between heavy and light states are or order 9 m jf- ~ 
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10~ 14 — 10~ 12 . As a consequence, the interaction eigenstate vi is essentially a light mass 
eigenstate, while Nr has only a small fraction ^j 2 - of the light mass eigenstate. 
In the flavour basis, the light neutrino mass matrix is given by 

M v = -m D M^ l m T D = UD U U T , (9) 

where U is the ordinary leptonic mixing matrix. 

If beyond the terms of Eq. (8) also a left-handed Majorana mass term mi is present, a type 

II see-saw mechanism will be induced, which leads to a light neutrino mass matrix of the 

form 

M u = m L - m D M^ l m T D , (10) 

where mi = vtYl- The corresponding rotation angles are approximately given by 

m D m D 

~ ~ ( 11 ) 

M R -m L M R J K } 

where we have used the fact that mi <C Mr, since the correction to the p-parameter forces 
the triplet VEV vt to be < 0(1 GeV). The diagonalization in this case is analogous to 
the one in Eq. (9). 

3 Classification of the possibilities for neutrino pro- 
duction 

Let us first present the general logic of our analysis: Starting from a quantum field theory 
point of view, we have different possibilities to assign representations of the SM gauge group 
to the different particles involved. Depending on the gauge quantum numbers assigned to 
the DM particle and to the neutrino, specific annihilation processes will be allowed in the 
s, t, u channels. We restrict our model-independent analysis to the cases where the DM 
particle \ and the mediator particle <fi are in a singlet, doublet, or triplet representation 
of SU(2)i. 1 In general, for a scalar ip s and for a fermion ipf (where ip = x, <ft) we use the 
following conventions: 



V S ;l~ (1,1,0), ff> f . 



1,1,0), 
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V,;2=[^ a )~ (1,2,1), l/>/;2 

^ = ( 4 ' + if Jl /V - 2 ) ~ (M, 2) , fe = ^ - _;.^ 2 ) ~ (1, 3, -2) . 

We will comment later on the possibility of having an SU(2)i triplet with zero hypercharge. 
Throughout our analysis we will consider the limit m u — > with, however, m v ^ 0. This 
means that, even though the neutrino mass can be neglected in all kinematical consid- 
erations, it will still be important to know the mechanism that generates this mass. As 



■""A generalization to more complicated cases is straightforward. 



explained in the illustrative example in Sec. 1, a different type of neutrino mass can in 
many cases also lead to different restrictions on certain couplings, leading to very different 
results in some cases (see Sec. 4). 

We present an analysis of all the possible production channels in a way as model-independent 
as possible, extending the work presented in Ref. [17], in which the authors restricted them- 
selves to the case of Dirac DM annihilating through an s channel diagram. In Sees. 3.1 
and 3.2, we present the results for direct neutrino production in the cases of scalar and 
fermionic DM, respectively. To be exhaustive, we explicitly divide the results into four dif- 
ferent neutrino scenarios: Dirac neutrinos, for which the left-handend and the right-handed 
neutrinos are both present and independent; Majorana neutrinos, in which case the singlet 
neutrinos v aR are not present and the right-handed neutrinos are simply given by [y a j}j C ] 
Majorana neutrinos with see-saw type I or type II, if the right-handed neutrinos v aR are 
present and acquire a general mass. 

In our study, we do not consider explicitly the case of vector DM. It is known, indeed, that 
spin one DM particles can have a sizable branching ratio into neutrinos, see, e.g., Ref. [11]. 
The main goal of our analysis is, instead, to show that also in the framework of scalar or 
fermionic DM the direct neutrino production can be relevant. However, for completeness, 
we report in Appendix A the explicit expressions for the annihilation cross sections in the 
case of vector DM, too. 

We wish to recall that the neutrino production through DM annihilations into three body 
final states has also been vastly discussed in the literature. For instance, in Ref. [18] the 
authors analyzed the electroweak bremsstrahlung processes XX ~~ ^ u vZ and XX ~~>* veW . 
The hadronic decays of the weak bosons can lead to the production of photons, which can 
then be used to further constrain the annihilation cross section value, see, e.g., Ref. [19] 
for the Z-strahlung process. Moreover, the DM annihilation into neutrinos will induce, 
at loop level, electromagnetic final states, for which the synchrotron radiation bounds of 
Ref. [20] can be imposed; see Ref. [21] for an exhaustive discussion on this aspect. 

3.1 Scalar Dark Matter 

This Section summarizes the results we have obtained for the case of scalar DM, considering 
singlet, doublet, and triplet representations of SU{2) L . The basic assumptions are that 
the scalar DM has a null VEV, (x) = 0, and that it is stable, for example because being 
odd under some Z 2 -parity while all the other SM particles are even. 

Scalar mediator, s-channel 

In the case of a singlet, doublet, or triplet scalar mediator, the following Yukawa interac- 
tions with the neutrinos are allowed: 



rCt/3' 



£y V]1 = -Y%(p aR ) c <f> s;1 v 0R + h.c, (12) 

£y„. 2 = -YfS L aL s;2 v m + h.c. , (13) 



£y u;3 = -Y^(L aL )C(ia 2 (/) s;;i )Lp L + h.c., (14) 



where a and (3 are flavour indices. We have defined = io"20*, with o-i being the second 
Pauli matrix. Note that the entries of the Yukawa coupling matrices are in general complex 
numbers, and that a triplet scalar mediator with zero hypercharge, </> s; 3 ~ (1,3,0), does 
not couple to ordinary neutrinos in an s channel diagram. 

The singlet scalar mediator s; i can couple to a pair of scalar DM particles, which transform 
as a singlet, doublet, or triplet under SU{2) L . However, it will always produce a physical 
right-handed (light) neutrino as well as a left-handed (light) anti-neutrino. Both these 
particles are sterile, and making them interacting would require a coupling to the Higgs 
field (or, equivalently, a helicity flip), which is proportional to m u . This would lead to 
a negligible muon flux at neutrino telescopes. Notice also that the coupling (vr) c <fi S ;i vr 
could, in general, generate a violation of lepton number L and is hence connected to 
Majorana neutrinos. Indeed, the coupling of the singlet scalar s; i to the two singlet 
neutrinos either directly violates lepton number or it forces the singlet scalar to carry 
lepton number. In the latter case, the coupling of s; i to the SM Higgs, W H4> s -,\i will be 
problematic. However, if such a coupling is forbidden in certain specific models, one might 
still be able to conserve lepton number. 

If the doublet scalar mediator S; 2 does not get a VEV, the entries in the Yukawa coupling 
matrix Y u -2 can be large, as they do not contribute to the neutrino mass. However, a 
fundamental problem arises from the coupling to the scalar DM: Since we consider only 
the cases for which the scalar DM particle does not get a VEV, the corresponding vertex 
must arise from a fundamental 3-scalar coupling in the Higgs potential. In 5 , [/(2)^, such a 
fundamental 3-scalar coupling is impossible, since we have 2©1©1 = 2, 2©2©2 = 2©2©4, 
2®3®3 = 2©2©4©4©6. This problem could be overcome if one allowed for a non- 
vanishing VEV (4> S ;2) 7^ 0. However, in this way the Yukawa coupling Y u . 2 becomes directly 
proportional to the light neutrino mass for the case of Dirac neutrinos. In the presence 
of a see-saw situation, the Yukawa coupling could in principle be sizable, since it is not 
directly related to the neutrino mass. In spite of that, since the light mass eigenstate of i/r 
must be produced, this possibility is suppressed by the mixing angle 9 between the heavy 

and light neutrinos. This will be of O ( j^- ) , and hence very small for the standard value 

of Mtf ~£>(10 16 GeV). 

The interaction of the triplet scalar mediator S . 3 with neutrinos, Eq. (14), in general 
induces a violation of lepton number (in analogy to the singlet scalar mediator s; i) and 
is thus associated with Majorana neutrinos and not with Dirac neutrinos. In case the 
scalar mediator has a null VEV, the neutrino coupling Y v $ will be unsuppressed, since 
is not constrained by the neutrino mass scale. Furthermore, two active neutrinos are 
produced, since the triplet scalar couples to (vl) c vl. This conclusion does not depend 
on the particular neutrino mass model considered. Indeed, in the case of see-saw type 
I, the correction factor resulting from vl being not an exact mass eigenstate is given by 
(1 — 9) 2 ~ 1. If the neutrinos acquire a mass through a see-saw type II model, the only 
difference is the presence of an additional Higgs triplet with VEV, in order to have the 
correct see-saw type II neutrino mass formula. 
The DM vertex for the case ((j> s; s) = can come from a fundamental 3-scalar term in the 



Higgs potential. This coupling will be allowed only if \ is an SU(2)l doublet. In this case, 
the important term in the Lagrangian will be of the form 



/•(2,3) 

L 'x<t> 



,( 2 . 3 ) f,,t 



^ 7jtf (xI;20s;3Xs;2) + H.C. 



(15) 



If the triplet scalar mediator has a nonzero VEV, (0 S; 3) 7^ 0, it will contribute to a Majorana 
neutrino mass term proportional to [yi) c v L and it will induce a see-saw type II situation. 
Thus, the light neutrino mass matrix would be given by 



M v = v T Y„. 3 - v 2 H Y v . 2 M^Y^ 2 



(16) 



where Vh is the electroweak VEV and vt is the triplet scalar VEV. To yield physically 
realistic light neutrino masses, the entries in the Yukawa coupling matrix Y v ^ of the triplet 
to the neutrinos must be very small, in case the triplet contribution dominates the physical 
neutrino masses. 2 On the other hand, the combination of the Dirac Yukawa coupling Y u .^ 
and the heavy neutrino mass matrix Mr has to be tiny as well, if this part dominates the 
physical neutrino mass. 

The only case where we can have larger values for Y u - 3 , which, in turn, could lead to 
larger annihilation rates, is the one where there is a cancellation between VtYv,3 an d 
v hYu-,2M^ 1 YJ:2 in Eq. (16). For simultaneously having Yukawa couplings of 0(0.1) and 
sub-eV neutrino masses, this cancellation would, however, need to be at the level of 10~ 8 
(for vt ~ 1 GeV), which would require a strong fine-tuning. Nevertheless, this possibility 
might be motivated in a specific model. 

The corresponding couplings of the SU(2)l triplet scalar mediator S; 3 with non-vanishing 
VEV to the DM particles can arise from the following terms in the Lagrangian: 



C xf = X xf (xUWlisW , 

: ^xf (xl;2Xs;2)Tr((f)l. 3 (f) s . 3 ) + f3^f (x!;20l;3^;3X S ;2) 



(17) 
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ixf (xl^sXs-a) 



h.c. 



Ajf Tr(xi ;3 Xs;3)Tr(4 



3<Pa;3, 



+ 



.(3,3) 



Ci Tr (X S ;3Xs;3)Tr( 



iA;s) 



h.c. 



(19) 



The triplet scalar mediator appears as the most promising case for having a sizable neutrino 
production. However, depending on the specific model, its coupling to the leptons can 
be subject to constraints coming from different experiments. We postpone the explicit 
discussion of these bounds to Sec. 4.2.1. 



2 Note that, although the VEV is forced by the correction to the p-parameter only to be vt < 0(1 GeV), 
the Yukawa coupling still needs to be tiny to yield sub-eV neutrino masses. 



Z-boson mediator, s-channel 

The coupling between the neutrinos and the Z-boson comes from the gauge-kinetic term 
in the Lagrangian. We define the covariant derivative as 

D» = d, + i 9 -(a-W,)+i 9 -YB^ (20) 

with a being the Pauli matrices. The couplings g and g' are, respectively, the gauge 
couplings of SU(2)l and t/(l)y, and Y is the hypercharge of the field that couples to the 
Z-boson. The corresponding gauge fields are denoted by W^ and B^. Introducing the 
physical states 



V2 



" ^ \ (21) 

A^ B^ cos 9 W + Wl sin 9 W , (22) 



Z M = -B^sm9 w + W^cos9 w , (23) 

where 9y/ is the Weinberg angle, the interaction term of the neutrinos with the Z-boson is 
given by 

£i in = Lli-fD^L -* - - 9 — VZ-fv L Zp . (24) 

2 cos 9w 

Only if the DM particle transforms as a doublet or triplet under SU(2)l, it can couple to 
the Z-boson. The specific couplings arise from the following gauge-kinetic terms: 



45 = (D, X s;2)\D» Xs]2 ) 



-> - \ (cos 2 9 w + Ysm z 9 w ) (fyxTr^ + h.c. , (25) 

Z COS u\y 
4: n 3 = ^ [(D»Xs;3)\D» Xs . >3 )] 

-> ~ ^ (2 cos 2 9 W + Y sin 2 %) (9 M x°)*X°^ + h.c. , (26) 

Z COS U\v 

where the covariant derivative for x.s-,2 is defined analogously to Eq.(20) (with Y being the 
hypercharge of the DM), while for Xs-,3 it is given by 



■ 9 



2 L 



Fermionic mediator, t and w-channels 



D ll Xs;3 = d llX s;3 + ^ V-W^ X s;3 + l^Y B„ X s;3 ■ (27) 
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For the t and w-channel diagrams, either the scalar DM or the fermionic mediator has to 
be flavoured, such as in the case of a sneutrino DM [22] or a neutrino mediator [23] . This 
property has to be taken into account in any specific model and it will decide about the 
actual existence of a t-channel diagram. For definiteness, throughout our discussion, we 



suppose that the scalar DM particle carries a flavour. Our conclusions are as well applicable 
to the case in which the fermionic mediator is flavoured. 

We consider a fermionic mediator, whose left and right components can transform under 
SU(2)i as singlets, doublets or triplets. If the fermionic mediator is an SU{2)l singlet, 
[4>f:i] LR , the following interaction terms will be allowed: 

4£= T^l^x'-AML + h.c., (28) 

4^= r£ l) Mx k s .,A^i] R + h.c., (29) 

where 7^. are trilinear couplings, with a being an index in flavour space and k being the 
index that denotes the lightest scalar particle. In general, indeed, different flavoured states 
of the scalar particle x s -i can exist. The DM particle will then be identified as the lightest 
particle among the mass eigenstates, x k -i = WkpX s -i-> with W being a rotation matrix. The 
indices (i,j) are, respectively, the SU(2)l representations of the DM and of the fermionic 
mediator. If the DM is a singlet scalar, it will only couple to sterile neutrinos, while if it 
is the neutral component of a doublet, active neutrinos can be produced. 
If the fermionic mediator is an SU(2)l doublet, \<Pf;2\ LR , the interaction terms that lead 
to a coupling between the DM particle and the neutrino will be: 

4$ =rti 2) ^[M R xi,i + h. c ., 

£§? = r % 2) ^(«'*aX? ;2 ) T [Ml + h - c - > ( 30 ) 

4S =rli 2) IW^2X k s ., 3 ) [M L + h.c. 

In this case, a singlet and a triplet scalar DM can couple to active neutrinos, while only 

sterile neutrinos will be produced if the DM is an SU{2) L doublet. 

Finally, if the fermionic mediator is an SU{2) L triplet, [4>f-,^[ L R , we can have the following 

couplings: 

Active neutrinos arise from a doublet scalar DM, while a triplet scalar DM couples only 
to sterile neutrinos. Moreover, if the fermion mediator is an SU(2)l triplet with Y = 0, it 
can also couple to a scalar DM triplet with Y = and to a right-handed neutrino. This 
coupling would, however, produce only sterile neutrinos and thus lead to a negligible flux. 
As in the case of scalar DM pair-annihilations into neutrinos through a scalar exchange, 
the couplings involved in the t-channel process are subject to experimental limits, coming 
in particular from LFV processes. For example, if active neutrinos are produced and if 
the fermionic mediator belongs to a doublet or a triplet representation of SU(2)l, the 
couplings involved in the t-channel diagram will also contribute to the fj, — > ej decay. 
Another experimental constraint that could be present is the one on the actual existence 
of the fermion particle mediating the process. We will comment on these points in Sec. 4.2.2. 



3.2 Fermionic Dark Matter 

In this Section we consider the DM as fermionic particle and, in analogy to the scalar case, 
we allow for SU(2)l singlet [x/ ; i] LB ~ (1, 1,0), doublet [Xf\2\ LR ~ (1, 2, —1), and triplet 
[X/;3] L R ~ (1, 3, —2) representations. 

Scalar mediator, s-channel 

For the s-channel, the considerations for the neutrino vertex are exactly the same as in the 
scalar DM case. Therefore in the following we will focus on the DM vertex only. An inter- 
mediate scalar singlet <p s -i could couple to all types of fermionic DM under consideration: 



.(i,i) _ v (i,i) 



^vLl = -Y^ l> [Xf,i} L [Xf,i} R <Ps;i + h.c, (32) 



.(2,2) v (2,2) 



4£? = - y x;i y i bW»;i + k -- (33) 

42 = -^ 3) Tr{lx7^[X/;3] fl }0 S ;i + ^.c. (34) 

In all the above cases, the left and right components of the DM particle belong to the same 
representation of SU(2)i, i.e., the DM is a vector-like fermion. Note that another possible 

expression can be obtained by replacing [Xf] L with [Xf] R in Eq. (32). The interaction 
term obtained in this way is associated with Majorana DM, since it can induce a Majorana 
mass term. 3 As in the scalar DM case, the problem arises at the neutrino vertex, since 
only sterile neutrinos can be produced by a scalar singlet. 

If the scalar mediator is an SU(2)l doublet, (p s -2, we could have the following couplings to 
the DM particle: 

42 = -Y^fb^(icr 2 <j> s . >2 ) T [xf-,2} R + h.c., (35) 

4g = - y S 2) ^Ix/SI \Xffl\ R + h.c. (36) 

These possibilities will only be present if the left and right components of the DM particle 
belong to different representations of SU(2)l, i.e., if the DM is a chiral fermion. As for 
the scalar DM case, the situation in which S;2 has a nonzero VEV can be neglected, since 
the Yukawa couplings would then have to be proportional to the neutrino mass or a tiny 
mixing angle 9 between the heavy and light neutrinos would be present. 
If the scalar mediator is a triplet under SU(2)l, s; 3, the following terms are allowed: 



4g = -Y^>[Xf;2] L u (i<r2<i> S ;3)[Xf;2} L + h.c., (37) 

42 = - y x;3 3) Tr {[x7&;3 \Xffl\ R } + h.c. , (38) 

where the first term will be present if the DM particle is a vector-like fermion, while the 
second one will be there if it is a chiral fermion. 



3 Similar to the neutrino case, we would require a very specific setup to be able to consistently define 
any global [/(l)-symmetry that is able to distinguish DM and anti-DM. 
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An analogous expression to Eq. (37) can be obtained by exchanging the subscripts 'L' with 
'/?' and considering a new Yukawa coupling Y 3 ' . Notice that, if Eq. (37) holds, the 
triplet scalar mediator in the s-channel will be associated only with Majorana DM (as well 
as Majorana neutrinos), since it leads to terms that violate lepton number. If the scalar 
triplet acquires a nonzero VEV, a see-saw type II situation will be induced, in analogy to 
the scalar DM case, to which we refer for more details. Remember that, in principle, also 
a DM coupling to a triplet scalar with zero hypercharge was possible, but this would not 
lead to a coupling to SM-like neutrinos. 

Z-boson mediator, s-channel 

A fermionic DM particle can couple to the Z-boson if the DM is a doublet or a triplet 
under SU{2)l. The corresponding couplings arise from the following gauge-kinetic terms 
in the Lagrangian: 



4" = \Xf*] L *fDr bCfflh 



— » 
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2 cos 9w 

4; n 3 = ^{HwWi} 



cos 2 ^ -Ysm 2 e w )[ Xf ;2]° L Y [Xf-,2]° L Z, + h.c. , (39) 



-> - 7 -^ 7r (2cos 2 e w -Ysm 2 e w )[ Xf , 2 ] L Y[Xf,2}° L Z ll + h.c. , (40) 

Z COS Uyy 

and analogous expressions can be written for the right-handed components [x/;2] R and 
[X/^]^ of the DM particle. As before, Y denotes the hypercharge of the DM particle. 

Scalar mediator, t and u-channels 

As in the case of scalar DM, for the t and u-channel diagrams, either the fermionic DM 

or the scalar mediator has to be flavoured, such as in the case of a heavy neutrino DM 

or a sneutrino scalar mediator. For definiteness, throughout the discussion of this Section 

we will suppose that the scalar mediator carries a flavour. Our conclusions are as well 

applicable to the case in which the DM is flavoured. 

If the scalar mediator is an SU(2)l singlet s; i, the following interaction terms will be 

allowed: 

4^ = 7# 1} M \Xf,2] R 0* x + h.c. , (41) 

4& )= T^^lXfAh^i + h.c, (42) 

where T^jf are trilinear couplings, with a being an index in flavour space and k being 
the index that denotes the mass eigenstate of the scalar mediator. The indices (i,j) are, 
respectively, the SU(2)l representations of the DM particle and of the scalar mediator. In 
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/•(1.2) 


=rj fc 1 ' 2) i!^ ;2 [x /; i] fi + / i .c., 


/•(2,2) 


=rjf ) ^^^ ;2 f[ X/;2 ] L + 


/•(3,2) 


=rjf ) i![x/;3] i? ^ ;2 + ^. : 



order not to produce only sterile neutrinos, the right-handed component of the fermionic 
DM particle has to be an SU{2) L doublet. 

If, instead, the scalar mediator is an SU(2)l doublet, S;2 , the interaction terms will be 
the following: 



h.c. , (43) 



among which only the ones involving a singlet or a triplet fermionic DM lead to active 
neutrinos in the final state. One specific example falling in this category would be a 
slight extension of the MSSM, with an additional singlet chiral superfield, whose fermionic 
component acts as DM particle, while the sneutrino is the scalar mediator [24]. 
Finally, if the scalar mediator is an SU(2)l triplet, S; 3, we will have 

4X } = r ^ 3) iwwy \xf,2] R + h.c. , 

d$ = ^ Tr {^ ;3 [ X f;s] L } + h.c. , 

where only in the case of a doublet fermionic DM particle the production of active neutrinos 
is possible. 

Note that, in our analysis of the t-channel diagram for fermionic DM, we have decided 
to neglect the possibility that the intermediate scalar mediator acquires a nonzero VEV. 
In this case, a mixing between the DM particle and the neutrino would be induced. The 
corresponding constraints on the Yukawa couplings would hence become strongly model- 
dependent, and general conclusions would not be possible anymore, in contradiction to the 
aim of this paper. Nevertheless, one can use the guidelines provided here to analyze this 
case in a certain model, too. 

Furthermore, as in the case of scalar DM pair-annihilations, the couplings involved in the 
t-channel process could be subject to the experimental limits coming from LFV processes. 
We refer to Sec. 4.2.2 for more details. 



4 Results 

4.1 General Discussion 

In this Section, we present the results of our analysis. As already discussed in the In- 
troduction, Dark Matter annihilation into neutrinos can be suppressed, e.g., through the 
proportionality of the corresponding amplitude to the neutrino mass. Another reason for a 
suppression can come from angular momentum restrictions enforced by the Pauli principle 
due to the Dark Matter consisting of Majorana fermions. Whenever there is no such reason 
for a suppression, we will call the corresponding process unsuppressed. 
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Z-boson 
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Table 1: Scalar Dark Matter cases: stands for 'potentially unsuppressed in at least one 
channel', El(p) stands for 'suppressed for non-relativist ic Dark Matter (p-wave term)', f.t. 
stands for 'fine tuning required between two couplings to get a sizable rate', Jfi stands for 
'LNV terms are present', - stands for 'a see-saw type I and/or type II situation is present', 
R stands for 'yields only right-handed neutrinos', 9 n stands for 'suppressed by the n-th 
power of the mixing angle between heavy and light neutrinos', and m v stands for 'the 
Yukawa coupling involved is proportional to the light neutrino mass'. 

An overview of our results for the different cases is given in Tables 1 and 2. Note that, 
although we mark certain cases as 'potentially unsuppressed', this might not be true in 
specific models where additional restrictions apply (e.g., a certain coupling might be forbid- 
den by some symmetry). In this model-independent framework, such peculiarities cannot 
be taken into account, so when using our results, the reader should always convince him- 
self/herself that they are applicable in the particular case under consideration. Note that 
by 'Majorana neutrinos', we implicitly refer to the case that only left-handed neutrinos 
exist. In particular, these neutrinos only have a left-handed mass term, see Eq. (5). 
Tables 1 and 2 can be used to identify settings in which Dark Matter annihilation into 
neutrinos may be unsuppressed (as long as there are no other problematic aspects of the 
model, which might, e.g., constrain one particular coupling to be tiny). These cases can 
then be used as a guideline for model-building: For example, in Tab. 1, one advantageous 
case can be seen in the second line, where a scalar 2 is the Dark Matter candidate, which 
is supplemented by a Higgs triplet that does not get a VEV. A natural framework in which 
such a setting exists would be a left-right symmetric extension of the scotogenic neutrino 
mass model [25] , if the left Higgs triplet does not obtain a VEV. Another candidate may 
be the MSSM, supplemented by right-handed neutrinos that do get a Majorana mass term 
and by two Higgs triplet superfields without VEV (in this case, one would indeed need both 
fields for complete cancellation of anomalies). Then, neutralino Dark Matter would just 
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correspond to the third case of Tab. 2. Using similar arguments, one can easily construct 
further settings in which the annihilation rates of Dark Matter into neutrinos are sizable. 
We will discuss some specific examples in the following. 
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Table 2: Chiral and vector-like fermionic Dark Matter cases: stands for 'potentially 
unsuppressed in at least one channel', M(p) stands for 'suppressed for non-relativistic Dark 
Matter (p-wave term)', f.t. stands for 'fine tuning required between two couplings to get a 
sizable rate', Ifi stands for 'LNV terms are present', - stands for 'a see-saw type I and/or 
type II situation is present', R stands for 'yields only right-handed neutrinos', 9 n stands for 
'suppressed by the n-th power of the mixing angle between heavy and light neutrinos', m v 
stands for 'the Yukawa coupling involved is proportional to the light neutrino mass', x/y 
stands for 'x applies for Dirac DM and y applies for Majorana DM, and the superscript 
M stands for 'this coupling is present for Majorana DM only'. 

4.2 Some unsuppressed cases 

For a quantitative statement, one has to calculate the relevant annihilation cross sections. 
This is made more complicated by the possibility that the final and/or initial fermions 
could be Majorana particles. For s-channel diagrams, this difficulty can be cured easily 
be applying the effective vertex method, see Ref. [26]. For the t- and w-channel diagrams, 
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one has to be careful since they cannot be distinguished physically, which tells us that 
we have to perform a coherent summation over the two amplitudes, and then, in the end, 
divide the square of the total amplitude by a factor of 2 to avoid double counting in the 
final state [23]. We have performed these calculations and list in Appendix A the explicit 
expressions for the annihilation cross sections for all the different cases. The results are 
reported in a model-independent way and can therefore be used for any specific model. 
To illustrate how to use our results, we will discuss two example cases in this section, 
one involving an s and one involving a t-channel diagram: For a scalar DM particle, the 
s-channel annihilation diagram can be relevant in the presence of a triplet scalar mediator 
with zero VEV. Moreover, this case will be present only for Majorana neutrinos. The 
explicit expression of the annihilation cross section can be found using Eq. ( A-3) . Another 
promising situation for neutrino production is given by a t-channel diagram with a singlet, 
a doublet, or a triplet fermion exchange. In the first case the DM particle should be a 
doublet under SU(2) L , in the second case a singlet or a triplet, and in the third case it 
should be a doublet. For the t-channel diagram, the annihilation cross section will be 
determined mainly by the mass of the mediator, see Eqs. (A-5) and (A-6). For a fermionic 
DM particle, a triplet scalar exchange in an s-channel diagram can give rise to a sizable 
neutrino production if the left- or right-handed DM particle transforms as a component of 
a doublet under SU(2)l and if the neutrinos are Majorana particles. For a chiral fermion 
DM, instead, the s-channel diagram can be relevant if the scalar mediator is a doublet or 
a triplet under SU(2)l- The first case can be present if the neutrinos are Dirac particles, 
while the second one can be there if they are Majorana particles. The explicit expression 
for the annihilation cross section can be found using Eq. (A-7). As in the case of scalar 
DM, another promising case for neutrino production is given by the t-channel diagram 
with a singlet, doublet, or triplet scalar exchange. In the first case, the DM particle should 
be a doublet under SU{2) L and in the second case it should be a singlet or a triplet, while 
in the third case it must be a doublet. Other unsuppressed t-channel diagrams might be 
present if the DM was a chiral fermion, see Sec. 4.1. 

For the t-channel diagram, the annihilation cross section will be determined mainly by the 
mass of the DM particle, see Eqs. (A-10) and (A-ll). Moreover, if the DM was a Dirac 
fermion, also the s-channel diagram with Z-boson exchange could lead to sizable neutrino 
production. In this case, the annihilation cross section would be proportional to the mass 
of the DM particle, see Eq. (A-8). However, particles with strong couplings to the Z-boson 
are constrained by DM direct detection experiments, see Ref. [27]. 

For definiteness, we focus on two different topologies of unsuppressed cases: One involving 
an s-channel diagram, in Sec. 4.2.1, and one with a t-channel diagram, in Sec. 4.2.2. For 
the first possibility, we consider a triplet scalar exchange with null VEV and a fermionic 
DM particle that transforms as a doublet under 577(2)/,. We explicitly distinguish between 
the cases of scalar and Majorana fermionic DM. Remember that a triplet scalar exchange 
in an s-channel diagram is associated with Majorana neutrinos only. For the t-channel 
diagram, we also consider a DM particle that is a doublet under SU{2)i J . In the context 
of a scalar DM, we focus on the possibility of a Majorana singlet mediator, while in the 
case of Majorana DM we consider a scalar singlet mediator. As an example, we consider 
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the case of Majorana neutrinos for the t-channel diagrams. 

4.2.1 s-channel: The triplet scalar mediator 

The couplings involved in an s-channel diagram with a triplet scalar exchange will not 
be connected to the neutrino mass, if the triplet has a null VEV. However, the entries 
of the Yukawa coupling matrix Y v -$ are constrained by different experimental results, in 
particular by the limits on /x and r decays, and by the values of the electron and the muon 
anomalous magnetic moments. In the following, we summarize these bounds. 

Experimental constraints 

The singly charged triplet component <p~ 3 might transmit a lepton number violating muon 
decay with one \T -V ^-0^3 and one e~-V e -<p~ 3 vertex. Considering the experimental un- 
certainty on Gp of about 10~ 10 GeV~ 2 [28], obtained through /x-decay measurements, the 
corresponding diagonal entries of Y u . 3 are set to be: 

\y^\ 2 \Y^\ 2 <0.l(-^-^j ■ (45) 

In general, also the electrically neutral component </>° 3 of the Higgs triplet will mediate 
/i-decay However, the corresponding diagram involves the LFV coupling Y£% that is con- 
strained much stronger by the experimental limit on the branching ratio for /x — > 3e (see 
later). 

The singly charged triplet component </>~ 3 might transmit a lepton number violating r- 
decay with one T~-V T -(p~ 3 and one e~-V e -(fi~ 3 or n~ -V ^-(f)~ 3 vertex. Therefore, the diagonal 
elements of Y v . 3 receive bounds also from the experimental limit on the r lifetime. Taking 
into account that the uncertainty on T T is roughly 0.1% [28], we find 

/in _5 rr? 2 \ 2 

ra 2 (ra 2 + \y%\ 2 ) < 0.1 (-^) • m 

If the Yukawa coupling matrix Y u . 3 contains off-diagonal terms, the triplet will also have 
LFV couplings. In this case, the strongest constraint arises from /x — > 3e decay. Indeed, this 
process can be mediated at tree-level by the doubly charged component of the triplet ^"3" 
with one fi~-e + -<f)~ 3 and one e~-e~-cj)~ 3 vertex. From the experiment SINDRUM I [29], we 
know that the branching ratio BR(fi — > 3e) < 10 -12 at 90% confidence level. Therefore, 
the bound on the off-diagonal entries reads 

/in -11 -™ 2 \ 2 
l^| 2 |n ee 3 | 2 <5.4(- p.) . (47) 

Note that the /j, — > cj process naturally arises only at 1-loop level and is therefore sup- 
pressed with respect to the /x — > 3e decay. The branching ratio of the r decay into three 
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leptons I (with I — e, //) is, instead, constrained from the BELLE experiment [30] to be 
BR(t — > ///) < (2 — 4) • 10~ 8 at 90% confidence level. This implies the following limit on 
the off-diagonal r Yukawa entries: 

WW £0.6, [-^-^) • (48) 

i „,3i i i/,3i ~ - ^ GeV 2 y v ; 

The Yukawa entries Y„\ and Y££ are also subject to constraints coming from measurements 
of the electron and the muon anomalous magnetic moments [31]: 

1*31 S 0(1"- 4 ) (jj&) • («) 

KS\ < O(10-') (j^) . (50) 

If we suppose that the diagonal elements l^ e | and Y£% are of the same magnitude, Eqs. (45) 
and (46) imply that the only sizable diagonal Yukawa entry is given by the element Y t 



TT . 

u:3- 



rai'Sndn^,-^), (51) 

where we have explicitly imposed that the Yukawa coupling is at most of order one. Since 
in our numerical analysis we always consider m^ > 100 GeV, we have [YJ^I 2 < 1. For 
simplicity, we neglect the contributions coming from the off-diagonal terms of the Yukawa 
matrix Y u . 2 . 

In the case of scalar DM, the coupling between the DM particles and the scalar triplet 
mediator S; 3 in the s-channel arises from a trilinear term in the potential, see Eq. (15). 
The existence of this coupling and at the same time the possibility for the scalar triplet 
to have a null VEV will depend on the actual form of the scalar potential. In a particular 
model, one has to check that these two conditions are fulfilled. 

In the case of vector-like fermionic DM, the coupling between the DM particles and the 
scalar triplet mediator <f) S] 3 in the s-channel can arise from two different Yukawa couplings: 
Y .3 , which is related to the DM left-handed components, and Y 3 ' , which is connected 
to the DM right-handed components. In case these two couplings result to be of the same 
order, the s-wave contribution to the annihilation cross section will vanish, see Eq. (A- 7). 
However, there is no a priori reason for them to be of the same magnitude. Therefore, we 
will suppose in our analysis that one of the Yukawa couplings, Y x;3 ' , dominates over the 

other one, Yj: s ' ' . 

We want to stress that, even though the scalar triplet can be associated also with a chiral 
DM (see Tab. 2), we neglect this possibility, since strong bounds from electroweak precision 
measurements apply on new chiral fermions beyond the SM ones. Indeed, a new multiplet 
of degenerate fermions will contribute to the value of the S parameter in the following 
way [28]: 

S=^5>3L(i)-*3B«) 2 , (52) 

i 
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where tsi(i) and ^(i) are the third components of weak isospins of the left-handed and 
the right-handed components of the fermion i, and Nq is the number of colors. Considering 
an SM Higgs mass of Mjj = 117 GeV, the new physics contribution to the S parameter is 
constrained to be < 0.06 at 95% C.L. [28]. 

To be consistent with direct searches at collider experiments, we consider the mass of the 
triplet scalar mediator in the s-channel to be > 100 GeV [32]. 

The annihilation cross section 

Using the Lagrangian terms of Eq. (14) and Eq. (15) and the expression of the annihilation 
cross section given in Eq. (A-3), we find that 

(2,3)\ 2 |yrT|2 
/W> J 1*1/531 

+- 0(v 2 ) for scalar DM, (53) 



8tt (4m 2 , — m 2 ) 

where we have assumed for simplicity that the DM particle and the lightest neutral scalar 
mediator correspond to the real components of x° s -2 an d 4^-s, respectively. The parameter 
7!. J is set to be real. Considering, instead, Eq. (37) and Eq. (A-7), we conclude that 

1 w IZIV""*! 2 

1 Xl l 2 i/;3l 2 1 //v 2\ 



Cannf = 7— 71 — o L Tv7 m v + ®( v ) f° r Majorana DM, (54) 

X 



An (Am 2 , — m 
with 



V - V {2 ' 2) 
*x - r x;3 



r x;3 



(55) 



We have assumed the Yukawa coupling 5Q. 3 ' to dominate over Y^. 3 ' ' . If these two couplings 
are of the same order, instead, the first nonzero contribution to the annihilation cross 
section would be given by a p-wave term. Moreover, we have considered the imaginary 
component of the </>° 3 (which is a pseudoscalar!) as exchange particle. The real component 
would, as a true scalar, have a zero s-wave due to parity conservation. 
The expressions reported above refer to the production of r-neutrinos. The DM annihila- 
tion into neutrinos with other flavours would be more suppressed, because of the bound 
reported in Eq. (45), and can therefore be neglected. 

In Fig. 1, we show the behavior of the annihilation cross section into tau neutrinos for the 
case of scalar DM (left panel) and of Majorana DM (right panel). The annihilation cross 
sections result to be of the order of the value expected for a thermal relic for a wide range 
of the parameter space. From our plots, it is possible to identify which are the values of 
the Yukawa couplings and of the triplet and DM mass in which the neutrino production 
might be relevant. This can then be applied to specific model, in which a triplet scalar 
without VEV is present. 

The neutrino flux from the Galactic Center (GC), generated by the triplet scalar exchange, 
might be accessible to a future neutrino telescope located in the Northern Hemisphere only 
in the resonant region, in which m x ~ m^. The gray bands in Fig. 1 indicate the limits (at 
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3cr level) that could be set using contained muon events [33] in a 1km 3 neutrino telescope 
with an energy threshold E p = 100 GeV. We have considered a cone half-angle of 30° 
around the GC and one year of exposure. The upper limit is obtained considering an 
isothermal DM density profile, while the lower one is derived from a NFW DM density 
profile. The limits that could be set using the IceCube detector are only of the order of 
a ann w ~ 10 -22 cm -3 s _1 , as IceCube is not well-suited for looking at the Galactic Center, 
see Ref. [34] for more details. We finally wish to add that the CMB measurements of the 
WMAP satellite impose stringent limits on DM models with very large annihilation cross 
section, as has been pointed out in Refs. [35, 36]. Remember that even a DM particle that 
annihilates mainly into neutrinos will generally produce electromagnetic final states by 
loop diagrams [21]. In considering specific DM models, the CMB recombination bounds of 
Refs. [35, 36] must be imposed. 

The signals from the Sun and the Earth could, instead, be detected for a wide range of 
the parameters, depending on the value of the DM scattering cross section. For the Sun a 
5cr discovery, after one year of data taking with the IceCube detector, can be achieved if 
a p BR v ~ 6 ■ 10~ 7 pb for m x ~ 200 GeV or if a p BR u ~ 10~ 5 pb for m x ~ 1 TeV, where a p is 
assumed to be dominated by spin- dependent interactions and where BR V is the branching 
ratio into neutrinos of all flavours [37, 38]. For the Earth, assuming equilibrium between the 
capture and the annihilation rate, the 5<r discovery can be reached if a^ 1 BR V ~ 9- 10~ 10 pb 
for m x ~ 200 GeV and if a^BR u ~ 3 • 10~ 9 pb for m x ~ 1 TeV [37, 38] 
In the plots we also report the limits on the annihilation cross section a ann v, as de- 
rived by the authors of Ref. [39] comparing the energy spectrum produced by DM pair- 
annihilation into neutrinos with the atmospheric neutrino background measured by the 
Super-Kamiokande, Frejus, and AMANDA detectors. The Halo Angular bound corre- 
sponds to a cone half-angle of about 30° around the GC and to a value of the J-factor [40] 
of 25. The Halo Average bound is instead associated with J ~ 5, which is an average value 
for the whole sky. As can be seen from the figures, these constraints are not really strong 
and exclude only a small fraction of the parameter space in the resonance region. 
Note that, for the case of Majorana DM that belongs to a doublet under SU(2)l, the 
scalar triplet could also induce a neutrino production through a t-channel diagram. For 
simplicity, we show in Fig. 1 only the s-channel annihilation cross sections. 

4.2.2 t-channel: The singlet fermionic and scalar mediator 

The couplings involved in a t-channel diagram are subject to experimental bounds, since 
they induce LFV processes at one loop. A summary of these experimental limits is given 
in the following, considering for definiteness the case of a singlet vector-like fermionic 
mediator 0j ;1 (for a doublet scalar DM) and of a singlet scalar mediator S;1 (for a doublet 
vector- like DM). Bounds from measurements of the anomalous magnetic moments of the 
electron and the muon also apply. 
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Figure 1: Dark Matter annihilation cross sections into tau neutrinos through the exchange 
of a scalar triplet with null VEV, in an s-channel diagram. Left panel: Scalar Dark Matter. 
Right panel: Majorana Dark Matter. The numbers next to each curve denote the different 
values of the scalar triplet mass (in GeV). The Halo Angular and the Halo Average lines 
represent bounds from neutrino searches, while the gray bands give the limits that could 
be set looking at the GC with a neutrino telescope located in the Northern Hemisphere, 
see text for more details. The horizontal gray solid line indicates the standard value of 
o'a.nnV for a thermal relic (natural scale), while the gray dashed lines mark the values for 
a 10% branching ratio into tau neutrinos (BRj, r ) and for a boost factor (BF) equal to ten 
(where the natural scale is taken as reference). 



Experimental constraints 

In the case of a scalar DM particle that is a doublet under SU(2) L , the /x — > e'j process 
can be mediated by the charged scalar x~ 2 and the fermionic singlet <pf-i- Instead, for 
a doublet vector-like DM, the /i — > &-/ process can be induced by the charged fermion 
Xt-2 an d the scalar singlet <p s -i. Using the limit on BR([i — > ej) provided by the MEGA 
experiment [41], we can write 



3.2 • 10" 



m^/GeV 2 
mf/GeV 4 



£H\t) < 1.2-10 



-li 



(56) 



where m M is the muon mass. We have defined £f 



<7-(2,l) 
1 ek 



-7-(2,l) 



and t 



m 2 r/m1, with 



rrif and m s being, respectively, the mass of the fermion and the scalar particles involved 
in the loop process. The function H(t) is given by [42] 



H(t) 



2t 2 +5t-l 
12(t-l) 3 
" -5t-2 



t 2 lnt 



2(t-l) 4 
t In t 
12 (t-1) 3 "t" 2(i-l) 4 



for scalar DM, 
for fermionic DM. 



(57) 
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In analogy, we find the following constraint on the couplings involved in the r — > ^7 
process: 

m 2 T /GeV 2 

m*/GeV 4 



^■^" l T JZl^ tH 2 {t) <4.5-10- 8 , {Si 



(2,1) 



and we have used the 



iE experiment [43] . Finally, the 



where m T is the tau mass. We have defined £f = 7^.' 

experimental limit on BR{r — > ^7) as provided by the BEL 

last bound coming from LFV is given by the BaBar [44] experimental limit on BR(t — > cy): 

2-1-10 6 4t^^^ 2 W<1-1-10- 7 , (59) 

m^/GeV 



where in this case we have £f = T fc ' 



1 kr 



(2,1) 



Moreover the couplings T} k ' and T fe ' 



are also subject to constraints coming from measurements of the electron and the muon 
anomalous magnetic moments [31]: 

\^ A) \<O(l0^)(^), (60) 

\jjl^\<0( 10- 6 ) (-^-) . (61) 



For simplicity, in our numerical examples we consider the situation in which 7^ 

r (2 



(2,1) 



7a,' <C Trjfc' • in this case, using Eq. (56) and Eq. (58), we find the following constraint: 



0*^ *-*(!, 17. 10-5^4). « 62 > 

where we have explicitly imposed that the coupling is at most of order one. 
For the t-channel diagram, we restrict our analysis to a singlet Majorana mediator and 
to a singlet scalar mediator with masses > 100 GeV. We use the limit of Eq. (62) in the 
numerical evaluation, considering also that in the case of scalar DM m s ~ 0(m x ) and 
rrif = rritp, while in the case of fermionic DM m s = m^ and m/ ~ 0(m x ). We finally wish 
to add that, in the case of a chiral mediator <pf-i or of a chiral DM Xf-,2, the constraints 
from LFV processes might be much stronger. In particular, in Eq. (62), we would have the 
mass of the fermionic particle exchanged in the loop instead of the tau mass. This can be 
related to a chirality flip in the fermionic line. 

The annihilation cross section 

Using the Lagrangian term of Eq. (29) and the expression of the annihilation cross section 
given in Eq. (A-6), we find that 

1 |-T-(2,1)|4 

^ann^ = ^~ f ' T * 2N 2 m | + ^V) for SCalar DM > ( 63 ) 

Hit (m x + mi) 2 v 
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where we have assumed that the fermionic mediator is a Majorana particle and that the DM 
is the real component of x° s -2- This can be, for example, the case of sneutrino annihilation 
through a neutralino exchange. Considering, instead, Eq. (41) and Eq. (A-ll), we conclude 
that 

(y^nV = — -, \ rk 2 ,, ml + 0(v 2 ) for Majorana DM, (64) 



647T (m?, + mV) 2 



where we have considered the real component of <j) s .\ to be the lightest scalar mediator. 
Remember that, if the Majorana particle is the supersymmetric neutralino, the couplings 
T^ k ' will be proportional to the neutrino mass and thus the annihilation cross section into 
neutrinos will be negligible, see the discussion after Eq. (A-14). In a more general model, 
however, the couplings are not fixed and the neutrino production can be sizable even if the 
DM particle is Majorana. This possibility is often overlooked in the literature. 
The expressions reported above refer to the production of tau neutrinos, which we have 
assumed to be the dominant channel. Depending on the structure of the matrix T a k, 
the other neutrino flavours could lead to sizable contributions. Nevertheless, the total 
annihilation cross section into neutrinos would be of the same order as the one obtained 
considering the tau neutrino as the dominant flavour channel. 

The behavior of the annihilation cross sections into r-neutrinos is reported in Fig. 2 for the 
cases of scalar DM (left panel) and Majorana DM (right panel). For a wide range of the 
parameter space, the annihilation cross sections can cover the order of magnitudes expected 
for a standard WIMP. In our specific examples, the experimental limits on LFV processes 
reported in Eq. (62) result to be quite weak and do not restrict the allowed parameter 
space in the interesting region of 0" ann t> . However, we want to stress that in the case of a 
chiral mediator (for scalar DM) or in the case of a chiral fermionic DM, the bounds from 
LFV processes might be much stronger. In the plots we also report the Halo Angular and 
Halo Average bounds [39] , which partially limit the regions of the annihilation cross section 
under consideration. 

The neutrino signal from the GC, generated by a t-channel singlet exchange, could be 
hardly accessible to a future KM3Net-like neutrino telescope after one year of exposure, 
since a cross section of the order of > 10 -24 cm 3 s _1 is almost never reached. The signal 
from the Sun and the Earth, instead, might be detected, depending on the value of the 
scattering cross section, as we have explained in Sec. 4.2.1. 

5 Conclusions 

We have performed a detailed model-independent analysis of the process of Dark Matter 
annihilation directly into neutrinos. Contrarily to some statements given in the literature, 
this channel is not always suppressed, depending on the neutrino mass models. In particular 
for scalar mediators, it might well be possible to find annihilation rates in a detectable 
region. Even though the neutrino mass is practically zero for all annihilation diagrams, 
the mechanism responsible for its generation can very well be decisive, since different 
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Figure 2: Dark Matter annihilation cross section into tau neutrinos through the exchange of 
a singlet mediator, in a t-channel diagram. Left panel: Scalar Dark Matter and Majorana 
mediator. Right panel: Majorana Dark Matter and scalar mediator. The numbers next 
to each curve denote the different values of the singlet mediator mass (in GeV) . The Halo 
Angular and the Halo Average lines represent bounds from neutrino searches, while the 
gray bands give the limits that could be set looking at the GC with a neutrino telescope 
located in the Northern Hemisphere, see text for more details. The horizontal gray solid 
line indicates the standard value of a^-^v for a thermal relic (natural scale), while the gray 
dashed lines mark the values for a 10% branching ratio into tau neutrinos (BR„ T ) and for 
a boost factor (BF) equal to ten (where the natural scale is taken as reference). 

mechanisms are constrained in different ways. We have shown how to systematically search 
for promising situations and how some cases relate to known models. Furthermore, we have 
illustrated two example considerations numerically. Further advantageous cases could be 
modelled in the future. 
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Appendix A: Cross section formulae 

The differential annihilation cross section of two DM particles \ m ^° t wo neutrinos is given 

by [45] 

v4^^- = -^-JW, (A-l) 



d cos 9* 



lGir s 
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where v is the relative velocity between the two DM particles, 9* is the scattering angle in 
the center-of-mass frame, s ~ 4m 2 + m^v 2 is the Mandelstam invariant, and m x is the DM 
mass. In the previous formula we have neglected the neutrino mass and we have denoted 
the spin-averaged matrix element by |.M | 2 : 



spins 



where Sdm is the spin of the DM particle and M. is the total amplitude of the annihilation 
process under consideration. 

Since we do not focus on a particular model, our results are general and can be applied to 
the calculation of the annihilation cross section into neutrinos for a specific DM candidate. 
Moreover, from our expressions it is easy to see which are the channels and the possible 
cases that could lead to a sizable DM branching ratio into neutrinos. For simplicity, 
throughout our analysis we consider only the Standard Model as gauge group. For the 
calculation we have used the FeynCalc package [46]. 

Scalar Dark Matter 

For a scalar DM, the neutrino production can occur through a scalar and a Z-boson 
exchange in an s-channel diagram and through a fermion exchange in a t-channel diagram. 
In case the neutrinos are Majorana particles, also a w-channel diagram will be present. 

Scalar mediator, s-channel 

Indicating the coupling of the scalar mediator to the DM with D and the coupling to Dirac 
neutrinos with NlPl + NrPr, with the projection operators defined as Pl,r — (1 T 7s)/2, 
the total annihilation cross section can be written as 

|2 |JV t |=-h|JV^|= „ / 2ml 



w fe; fe .) = -^W \Zi - ' m $ 4 " {* - (M^fT J + ° (v) ' (A " 3) 

where m^ is the scalar mediator mass and n — 0,1 for Dirac and Majorana neutrinos, 
respectively. For Majorana neutrinos v M , anti-symmetrization of the final states must be 
imposed. In that case, a factor 1/2 will be present to avoid double counting of identical 
particles in the final state, and a factor 4 arises from the Feynman rule for the effective 
vertex since the Majorana neutrinos are self-conjugate particles. Note that, for simplicity, 
we use the same form of the Yukawa couplings for Dirac and Majorana neutrinos. We want 
to stress that in general this is not the case, since Dirac and Majorana neutrinos usually 
couple to scalar mediators with different SU{2) representations, see Sees. 3 and 4. 

Z-boson mediator, s-channel 

Indicating the coupling of the Z-boson to the DM generically as D(k\ — k2) fJ ', with k\ and 
&2 being the DM 4- momenta, and the coupling to the neutrinos with Nl^^Pl, the total 
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annihilation cross section can be written as 

1 N 2 

a ann v (x.; Z; s) = —D 2 L m\v 2 + 0{v A ) , (A-4) 

127r (4m~ — m z z y x 

with .D and Nl being real numbers. In this case the annihilation cross section is propor- 
tional to the DM velocity, as we would naively expect from angular momentum conserva- 
tion. If the neutrinos are Majorana particles, the annihilation cross section is equivalent 
to the one given in Eq. (A-4). Indeed, it is well known that weak interactions mediated by 
the Z-boson do not distinguish between Dirac and Majorana neutrinos [47]. 

Fermionic mediator, t&u-channels 

Indicating the coupling of the DM particle to the fermionic mediator and the neutrino 
with FlPl + FrPr at one vertex, and with GlPl + GrPr at the other vertex, the total 
annihilation cross section is given by 

, i ,\ 1 Wl\ 2 \Gl\ 2 + \Fr\ 2 \G r \ 2 2 rn^ \ 

V,nnV{Xs-Af\t) = — j— 2 ■ l m ^-—— —2-m^ + 



Stt K + m^) 2 V * K + mJ) 

1 \F R \ 2 \G L \ 2 + \F L \ 2 \G R \ 2 
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(m 2 x + ml)' 



m 2 x v 2 + O (v A ) , (A-5) 



where m^ is the fermionic mediator mass. Notice that, in general, Gl = F R and Gr = F£ 
for a Dirac mediator, while also Gl = Fl and Gr = Fr are allowed for a Majorana 
mediator. In the first case a pair of vv is produced, while in the second case vv (or vv) 
are produced. If the DM particle is a real scalar, also a u channel will be present. The 
corresponding cross section is equivalent to the one in Eq. (A-5) . 

In the case of Majorana neutrinos both, the t-channel and the w-channel diagram, must be 
considered and 'added' with a relative minus sign. The annihilation cross section is then 
modified to 

+ l ^-^ mV + Q^). (A-6) 

487T (m 2 x + ml) 2 { J K ' 

Fermionic Dark Matter 

For fermionic DM, the neutrino production can occur through a Z-boson exchange in an 
s-channel diagram and through a scalar exchange in an s-channel or a t-channel diagram. 
In case the DM or the neutrinos are Majorana particles, also a w-channel diagram will be 
present. 
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Scalar mediator, s-channel 

Indicating the coupling of the Dirac DM particle to the scalar mediator with DlPl + DrPr 
and the one of the Dirac neutrinos with NiP^ + NrPr, the total annihilation cross section 
can be written as 

167r (4m 2 — m^y 

2 
777 

|2 2 4> /in |2 , in |2\ 22 



x |D L - Z^| 2 m 2 - -g 2T(|D L | 2 + |D fl | 2 ) m^ 2 + 

* 2 (4m 2 — mi) x 



777, 

+ R(A / gr pL^ + cc.) m^ 2 ) f 0(t; 4 ) , (A-7) 

8 (4m 2 — m^J A 

where m^ is the scalar mediator mass, n=0 (n—1) for Dirac (Majorana) neutrinos and 
771=0 (m=l) for Dirac (Majorana) DM. The factor 1/2 is present to avoid double counting 
of identical particles in the final state, while the factors 4 come from the Feynman rules 
for the effective vertex. For simplicity, we have used the same Yukawa couplings for Dirac 
and Majorana neutrinos. However, they generally couple to different scalar particles, see 
Sees. 3 and 4. 

Note, that in case the DM couples to the scalar mediator through a scalar coupling (i.e. 
Dl = Dr), the cross section will be proportional to the DM velocity v. This is a con- 
sequence of parity conservation: A fermion-antifermion pair has a parity of (—1) and 
can therefore, in an s-wave configuration, only couple to a pseudoscalar particle (i.e. 
D L = -D R ). 

Z-boson mediator, s-channel 

Indicating the coupling of the DM particle to the Z-boson with ^{DlPl + DrPr) and the 
one of the neutrino with Nl^^Pl, the total annihilation cross section can be written as 

a ann v(xf]Z;s) = — L x 

J 8vt (4m 2 — m|) 2 



x 



(D L + D R f m\ - M+gfl (Pi + Dl) m y 



Am 2 



(4m 2 — m 



3 (4m 2 — m z ) 
x (D L D R )m 2 x vA+0(v 4 ), (A-8) 



with Dl, Dr, and Nl being real numbers. The cross section for Majorana neutrinos is 
equivalent to Eq. (A-8), since, as we have mentioned before, the weak interactions mediated 
by the Z-boson do not distinguish between Dirac and Majorana neutrinos [47]. 
If the DM particle is a Majorana fermion, the cross section reported above will be drastically 
modified. Indeed, in an s-wave annihilation, the fermions in the initial state are forced to 
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have opposite spins by the Pauli exclusion principle. As a consequence, since the Z-boson 
has a spin of one, we expect that the first nonzero contribution to the annihilation cross 
section for Majorana DM will be given by the p-wave term. Indeed, we find: 

1 N 2 

a ann v ( X f ; Z- s) = ^ ^^ {D L - D R f m 2 x v 2 + O (v 4 ) , (A-9) 

where the same expression holds in case the DM and the neutrinos are both Majorana 
particles. 

Scalar mediator, t&n-channels 

Indicating the coupling of the DM particle to the fermionic mediator and to the neutrino 
at one vertex with F^Pl + F R P R and at the other one with G^Pl + G R P R , the total 
annihilation cross section is given by 

, , + , 1 (\F L \ 2 +\F R \ 2 )(\G L \ 2 +\G R \ 2 ) 
a ann v( Xf ;M = — (m 2 +m 2 )2 >< 

3m x m l-<\ m y 




3 (m| + m^) 2 

where m^ is the fermionic mediator mass. Note that, in general, Gl = F R and G R = F£ 
or Gl = Fl and G R = F R . In the first case a pair of vv is produced, while in the second 
case vv (or vv) are produced. 

A t-channel and a u-channel diagram must be considered in the case of Majorana neutri- 
nos and/or Majorana DM. The expression for the annihilation cross section will thus be 
modified to 

1 , 5 1 9 , A m 2 v 2 xB + O (v*) . (k-ll) 

192tt (ml + m 2 ^ 4 x 



The functions A and B are given by the following expressions in the case of Majorana 
neutrinos: 

A = \F L \ 2 \G L \ 2 + \F R \ 2 \G R \ 2 + \F L G R -F R G L \ 2 , (A-12) 

B v = (\F L \ 2 \G L \ 2 + \F R \ 2 \G R \ 2 )(m* x + 4m 2 x ml-3ml) + 
+ (\F L \ 2 \G R \ 2 + \F R \ 2 \G L \ 2 ) (ml - 3m 2 x ml - m\) - 
- 2 (F L F* R G* L G R + c.c.) (3ml + 2m 2 x ) m\ . (A-13) 

In the case of Majorana DM, the corresponding expressions for A and B are given by 

A x = 2\F L \ 2 \G L \ 2 + 2\F R \ 2 \G R \ 2 : (A-14) 
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B x = 2{\F L \ 2 \G L \ 2 + \F R \ 2 \G R \ 2 ){?>ml-Am 2 x ml-m 4 x ) + 

+ A(\F L \ 2 \G R \ 2 + \F R \ 2 \G L \ 2 )(ml + m 4 x ). (A-15) 

Notice that, for Majorana DM, terms proportional to FlGr or F r Gl are not present 
in the s-wave. Indeed, due to the Pauli principle, two Majorana particles cannot have 
parallel spins if their relative angular momentum I is zero. The only nonzero contribution 
to the s-wave configuration will be present if Fl ^ and Gl 7^ 0. This situation can 
arise in supersymmetric models only in the presence of a mixing between the left and right 
sfermions. However, a mixing term between fi and f R is proportional to the fermion mass. 
For this reason, the annihilation cross section of a neutralino pair into fermions through a 
t-channel sfermion exchange is always proportional to the mass of the fermions produced. 
This conclusion does, however, not hold in general when we consider a Majorana DM 
beyond a supersymmetric framework. 

Vector Dark Matter 

In this Section, we report the annihilation cross sections for the case of vector DM, since in 
specific models, for example in theories with Extra Dimensions, new vector particles can 
be present even without extending the SM gauge group. The neutrino production can then 
occur through a scalar exchange in an s-channel diagram and through a fermion exchange 
in a t-channel diagram. In case the neutrinos are Majorana particles, also a ^-channel 
diagram will be present. However, the coupling in the case of a Z-boson mediator can only 
exist in theories with an extended gauge group. 

Scalar mediator, s-channel 

Indicating the coupling of the scalar mediator to the DM particles with D and the one to 
the neutrinos with NlPl + N R P R , the total annihilation cross section can be written as 

a v (y-6- s) - 2 ~" D 2 ^ + *** 1" f 1 ^ + ^ v 2 1 I Q(v*) (A 16) 

with D, Nl, and N R being real numbers, and n = 0, 1 for Dirac and Majorana neutrinos, 
respectively. As in the previous cases, we have considered the same couplings for Dirac 
and Majorana neutrinos for simplicity. 

Z-boson mediator, s-channel 

Indicating the coupling of the Z-boson to the DM generically as D(ki — k-i)* 1 , with k\ and 
&2 being the DM 4-momenta, and the coupling to the neutrinos with Nlj^Pl, the total 
annihilation cross section can be written as 

1 N 2 

a ann v ( X v-, Z; s) = —D 2 - L m 2 x v 2 + 0(v A ) , (A-17) 

9ir (4mr, — m z y x 
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with D and Nl being real numbers. As to be expected, the derivative coupling of the 
3-vector vertex results into proportionality to the DM velocity. 

Fermionic mediator, t&u-channels 

Indicating the coupling of the DM particle to the fermionic mediator and to the neutrino 
at one vertex with ^(FlPl + FrPr) and at the other one with j u (GlPl + G R P R ), the 
total annihilation cross section is given by 

<w; (*,;*,;*) = ^ K + m , )2 + 

+ A oo f A 2U w2xC + M > ( A " 18 ) 

4327T [mi + wi) 
with 

C = 12 ml(FlGl + F" R Gl) + 13 mUFlGl + F" R Gl) + 



x 
+ m\ m\ (13F 2 L Gl + 13F 2 R G 2 R + 2F 2 L G 2 R + 2F 2 R G\) + 

l X m '<t> y* L^L -i- -l-R^RJ -r *>v ,n x ,,t^ 



+ 2 mi m 2 (F 2 Gl + F 2 R G R ) + 20 m 4 m\ (F 2 G 2 R + F^|) . (A-19) 



Note that, in general, Gl = Fl and G R = Fr. For Majorana neutrinos, a t-channel and a 
■u-channel diagram are present. The annihilation cross section is then modified to 



a ann v(xv](pf]tku) 



1 (gl + g|) gm|g + 3rrgF|) + 4m 2 , G L G R F L F R 
367T (m| + m 2 ) 2 

+ 1 7 o X 9 ,V xP + C?(i; 4 ) , (A-20) 

432vr (m 2 , + m 2 ) 4 v ; ' v ; 



with 



V = 12 ml(FlG R + F 2 R Gl) + 13 m x (FlGl + F 2 R G 2 R ) + 

+ 13 m 2 x ml (F 2 G 2 L + F 2 R G R ) - 4 m\ m% (F 2 G 2 R + F 2 R G\) + 

+ 2 m 4 x mj (F|G| + F 2 R G\) + 16 m 4 mj (F 2 L G 2 R + F 2 R G 2 L ) - 

- 2F L F R G L G R (9m x + 10m 2 x ml-7ml). (A-21) 
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